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n¯2 − sin2 θ
m
.
E# 8%&'-70 01$ 01$'/%0 F 8#&$'& 701 '/#,01 GH" Aa = 85 + 130 = 215 2/C9
#3-&1 =(0 3:#2,30 7:'2.'702.0 01$ &08&'1 701 /01(&01 180.$&-1.-8'=(01 Aθ = 15 C> I3
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7-22%0 8#& A8-(& m = 1C D
λ = 2× 215×
√
1.312 − sin2 15 = 552 2/.
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1-'$ F 3:-&','20 70 3# .-3-&#$'-2 7( 3-2,'.-&20>
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5':3'5 0,34 "/,04 2,04$96&6 5" .35%$2,32!' 2,..' 30 .$5$'3 !,.,DB0' 9?$09$2'
6:3$/"5'0%) 7" .35%$2,32!' '4% 9,02 E$'0 < 5?,&$D$0' 9' 5" 2,35'3& S"30' /'&9F%&'
,E4'&/6' < 5?,'$5 03)
T5 0,34 &'4%' < '-#5$:3'& 5' #$2 4'2,09"$&') U,3/'0,04V0,34 :3' 5" 43&="2' 9'
5?!6.$658%&' #&64'0%' 9'4 2"/$%64 !6.$4#!6&$:3'4) WB4 5,&4; 5" .35%$2,32!' ,E4'&V
/6' "3 .$2&,42,#' 65'2%&,0$:3' '4% 2,3&E6' 43& 5'4 "E,&94 9' 2'4 2"/$%64) U$ 5?,0
3%$5$4' 5" =,&.35' K()(M 2'%%' =,$4; '% #,3& 30 "0D5' ϕ 9' *+)A K2'%%' /"5'3& 2,&V
&'4#,09 < 30 "0D5' 9?$02$9'02' θ 9' (A #"& &"##,&% < 5" 0,&."5' < 5" 43&="2' 9'
5?!6.$658%&'; '0 %'0"0% 2,.#%' 9' 5" 2,3&E3&' 9' 5" 2"/$%6M; 5" 5,0D3'3& 9?,09'








1.482 − sin2 37.5 = 512 0. "/'2 m = 1.
 !" #$%&'($)* +,-'./+'.012 3$%)'142 1% 2%')/%)'12 /.4.'$3%12 0)4%(5&/+14412
61%%1 7$41)' 3812% 9$2 %':2 &4.(-3&1 ;1 /1441 %'.)7&1 1*9&'(013%$41013% <=(->   >!?>
@3 '$(2.3 ;1 48(09'&/(2(.3 /.3/1'3$3% 4$ 7$41)' ;1 48$3-41 ;8(3/(;13/1A 48$//.';
13%'1 /12 ;1)* 7$41)'2 91)% B%'1 /.32(;&'& /.001 /.''1/%>
C8(3%1'9'&%$%(.3 ;1 48.'(-(31 ;1 4$ /.4.'$%(.3 12% 4$ 2)(7$3%1 D 412 '$,.32 (3/(5
;13%2A 214.3 41 9.(3% +1)'%&A 2.3% '&fl&/+(2 ;(ff&'10013%> G$32 41 /$2 .H 41 '$,.3
'13/.3%'1 )31 I.31 2(%)&1 13%'1 ;1)* /$7(%&2 +&0(29+&'(J)12A 4$ 0)4%(/.)/+1 12%
94$31A 1% 4$ /.)41)' .K21'7&1A L (3/(;13/1 3.'0$41A 12% M$)31> N( 9$' /.3%'1A 41
'$,.3 +1)'%1 )31 /$7(%&A ;1)* /$2 91)713% 21 9'&213%1' <=(->   >O?> N.(% 41 '$,.3
+1)'%1 41 /13%'1 ;8)31 /$7(%& 1%A L 3.)71$)A 4$ 0)4%(/.)/+1 91)% B%'1 /.32(;&'&1
/.001 94$31A .) %':2 P$(K41013% /.)'K&1A 1% 41 '$,.3 '&fl&/+( 12% M$)31> N.(% 41
'$,.3 7(13% P'$991' 41 K.'; ;1 4$ /$7(%&A (4 12% $4.'2 '&fl&/+( )31 9'10(:'1 P.(2
71'2 41 /Q%& .99.2&A 9)(2 '&fl&/+( )31 21/.3;1 P.(2 71'2 481*%&'(1)'> C$ /.)41)' ;)
'$,.3 '&fl&/+( 3812% 94)2 M$)31A 0$(2 K41)1A 1% 0.(32 (3%1321A ;) P$(% ;12 ;1)*
'&fl1*(.32> 61/( 1*94(J)1 9.)'J).( 41 9(/ 21/.3;$('1 12% ;8(3%132(%& 94)2 P$(K41 J)1
41 9(/ 9'(3/(9$4>
 !"#$%   !" #  !"#$%!&'(')*& %+,$-(')./! 01/&! +(2)'$ ,$-)%",$#)./! %!-34(34! 5
+!44!% '#*/2$!% %/# 41,$-)$46'#! 0! 4( "/&()%!  !"#$%! &!'!%()#*&#+!7 8) 41*& %/""*%! ./!
4( -/4')+*/+,! 9&*& #!"#$%!&'$! 5 41$+,!44! %/# +! %+,$-(: !%' +*/#3$!; (4*#% 4!% #(6*&%
)&+)0!&'% %*&' %*)' #$fl$+,)% /&! %!/4! =*)%; "#*0/)%(&' 4! "*)&' >(/&! +!&'#(4; %*)' #$fl$+,)%
0!/? =*)%; "#*0/)%(&' (4*#% 4! ,(4* '/#./*)%!7
 !"#$%&' (()  !"#$%! &!'!%()#*&#+! (*+
  !" #$%&'()*+($,
,fi. /' 01/23$4'& 3" 4%&56%5&' 174'&82' 45& 39!20$23:%&' /' 3" #5."$4'  !"#$%!
&!'!%()#*&#+!; .154 "81.4 5%$3$42 3' #&1<&"00' /' ,!-.(,!+#'/ /26&$% "5 6!"#$%&'
#&262/'.%) ,$.4$; /'4 0$33$1.4 /' &":1.4 41.% %$&24 /95.' 415&6' #3"62' = >(? 
#"& &"##1&% = 3" .1&0"3' "5 #3". /' 3" 4%&56%5&' 01/23$42'; '% "."3:424 #"& 5.
/2%'6%'5& #3"62 4#2653"$&'0'.%; 41$% = (? #"& &"##1&% = 6'%%' 0@0' .1&0"3')
A' /$4#14$%$B 8$&%5'3 '4% /1.6 $/'.%$C5' = 6'35$ 5%$3$42 'D#2&$0'.%"3'0'.%) E3 &'4%'
0"$.%'.".% = 01/23$4'& 3" 4%&56%5&' = "."3:4'& '. 6107$.".% 3" 053%$6156!' '%
3'4 6"8$%24 !20$4#!2&$C5'4)  ' 41.% /'5D 6"&"6%2&$4%$C5'4 3$2'4 = /'5D 26!'33'4
/$ff2&'.%'4 G 3" 053%$6156!' '4% /' /$0'.4$1. #&16!' /' 3" 31.<5'5& /91./' /'4
B"$46'"5D $.6$/'.%4; "5 61.%&"$&' /' 3" 615&75&'; C5$ '4% 7$'. #354 <&"./')
A" fi<5&' (()H 01.%&' 3" 01/23$4"%$1. /95.' 6"8$%2 !20$4#!2&$C5' = 39"$/'
/' %&$".<3'4) I33' 61&&'4#1./ 2<"3'0'.% = 5.' #2&$1/' /5 &24'"5 61.4%&5$% #15&
01/23$4'& 3" 45&B"6' /' 3" 65%$653' /' 3" #5."$4') I. 'ff'%; 39$.%2&@% '4% /' &2"3$4'&
5.' 6"8$%2 !20$4#!2&$C5' 45& 7"4' /'4 #"&"0J%&'4 174'&824 6!'K 39$.4'6%'; #5$4
/' 3" &'#&1/5$&' 5. <&"./ .107&' /' B1$4 "fi. /' 01/23$4'& "5 0$'5D 3" 45&B"6'
/' 39!20$23:%&' /' 3" #5."$4' 2%5/$2') L".4 3' 6"4 /5  !"#$%! &!'!%()#*&#+!; 3'
#"&"0J%&' /5 &24'"5 a 8"5% (** µ0 M41$% 3" /$4%".6' 174'&82' "5 0$6&1461#'
1#%$C5' '.%&' /'5D 6"8$%24 !20$4#!2&$C5'4 MN$<) (()OPP; "8'6 5. &":1. r #15& 3"
6"8$%2 /' QQ µ0)
 !"#$%   !" #  !"#$%&'(%!) "*+), -'.%(# /#0%&1/#2%3+, &,$!) $' 0#(/!", ", (2%')4+$'5
(%!)6 7, 0!"8$, -!22,&1!)" 9 +), 1#2%!", "+ 2#&,'+ -!)&(2+%( 1!+2 0!"#$%&,2 $' &+2:'-,
", $*/#0%#$;(2, ", $' 1+)'%&,  !"#$%! &!'!%()#*&#+!6
LJ4 C595. &":1. '.%&' '. 61.%"6% "8'6 3" 45&B"6' 01/23$42'; 3'4 2C5"%$1.4 /'
R"DS'33 41.% &24135'4 316"3'0'.% #15& 5.' 053%$6156!' /1.% 3'4 #"&"0J%&'4 41.%
 !" #$%&'($)* +,-'./+'.012 3$%)'142 1% 2%')/%)'12 /.4.'$3%12 0)4%(5&/+14412
.6%13)2 2)' 6$21 712 .621'8$%(.32 9$(%12 $) 0(/'.2/.:1 &41/%'.3(;)1 < 6$4$,$-1=
13 )%(4(2$3% 4$ 0&%+.71 712 0$%'(/12 71 %'$3291'% >?331*1 ?= :@  ABC@ ?(32(=
4$ 0)4%(/.)/+1 0.7&4(2&1 12% 9.'0&1 71 4D$4%1'3$3/1 71 71)* %,:12 71 /.)/+12=
/+$/)31 71 EB 30 7D&:$(221)'= 7D(37(/12 71 '&9'$/%(.3 71  @BA 1%  @!= /.39.'0&013%
< 4$ 0)4%(/.)/+1 .621'8&1 /+1F 4$ :)3$(21@























 !"#$%   !" #  !"#$! %&'!$'() *+,%!", -, ".fl,%!#'%, !0.&"$1(, 2#3. 3(" 4, 5&-64, -, 4#
fi8(", 99:;< $'3+$". -, 4# +('#$3, .!(-$.,: =,3 %&'-$!$&'3 -, 5,3(", 3&'! $-,'!$1(,3 #(>
%&'-$!$&'3 ,>+."$5,'!#4,3  ?$8: 99:@)< 3&$! (', 5,3(", A 9B ,' %&'fi8("#!$&' 3+.%(4#$",:
 !"#$! +&$'!$44.) *+,%!", -, ".fl,%!#'%, !0.&"$1(, -#'3 4, %#3 -C(', 5(4!$%&(%0, $-,'!$1(,
A %,44, (!$4$3., +&(" 4, +",5$," 3+,%!",< 5#$3 3#'3 %#D$!.3  5&-.4$3#!$&' -C(', 3("E#%,
+4#',):
G$ fi-)'1   @I >%'$(% /.3%(3)C 0.3%'1 41 '&2)4%$% .6%13) 2)' 6$21 71 /1%%1
0.7&4(2$%(.3@ J1 2:1/%'1 %+&.'(;)1 12% < /.0:$'1' $81/ 41 2:1/%'1 1*:&'(013%$4
71 4$ fi-)'1   @K@ G1 :(/ :'(3/(:$4= 81'2 BK" 30= 12% 2(%)& 7$32 4$ 0L01 -$001
2:1/%'$41 ;)1 41 :(/ 7) 2:1/%'1 1*:&'(013%$4= )3 81'% M$)3N%'1 >8.(' 7($-'$001
71 /+'.0$%(/(%& 71 4$ JOP= Q(-@ R@!= :@ RAC@ J1/( /.3fi'01 ;)1 4$ 0)4%(/.)/+1
.621'8&1 < 4D$(71 7) 0(/'.2/.:1 &41/%'.3(;)1 < 6$4$,$-1 12% 6(13 '12:.32$641 71
4$ /.)41)' 71 4$ :)3$(21@ G1 /$4/)4 7.331 &-$41013% )31 21/.371 /.3%'(6)%(.3=
:4)2 9$(641= 81'2 !!" 30 >/.)41)' 641)1 8(.4$/&1 SJOPTC@ U).(;)1 /1 :(/ 2.(% 7&/$4&
 !"#$%&' (()  !"#$%! &!'!%()#*&#+! (*(
#"& &"##+&% ", #$- .'-+/0"$&' 0, .#'-%&' '1#2&$3'/%"45 +/ -+/.%"%' 6,7$4 #&2.'/%'5
%+,% -+33' 4,$5 ,/' #4,. 8"$94' $/%'/.$%2) :'. +.-$44"%$+/. #&2.'/%'. 0"/. 4' .#'-%&'
%!2+&$6,' .+/% 0,'. ",1 $/%'&82&'/-'. 0"/. 47'/.'394' 0' 4" 3,4%$-+,-!') ;44'.
/7"##"&"$..'/% #". 0"/. 4' .#'-%&' '1#2&$3'/%"45 '/ <&"/0' #"&%$' 0, 8"$% 6,'
472-!"/%$44+/5 -+/%&"$&'3'/% = /+%&' 3+0>4'5 /7'.% #". #"&8"$%) ?4 #&2.'/%' '/ 'ff'%
0'. $&&2<,4"&$%2. 6,$ 02%&,$.'/% -'. $/%'&82&'/-'. .' #&+0,$."/% 0"/. 472#"$..',&
%+%"4' 0' 4" .%&,-%,&')
A,& 4" 3B3' fi<,&' (()D5 '/ %&"$% #+$/%$442 -'%%' 8+$.5 '.% -"4-,42 4' .#'-%&'
0' &2fl'-%"/-' 07,/' 3,4%$-+,-!' $0'/%$6,' = -'44' 3+024$.2' #&2-20'33'/%5 3"$.
."/. -+,&9,&' -'%%' 8+$.) F"/. 4' -". 07,/' 3,4%$-+,-!' #4"/'5 4" -+/%&$9,%$+/ 0,
#$- .'-+/0"$&' '.% $/'1$.%"/%' G4'. +.-$44"%$+/. +9.'&H2'. .,& 4' .#'-%&' .+/% 0'.
&2.+/"/-'. 0' I"9&JKL2&+%5 0,'. ",1 $/%'&8"-'. 0' 4" 3,4%$-+,-!'M) :'. -"H$%2.
!23$.#!2&$6,'.5 #&2.'/%'. = ,/' 2-!'44' 9$'/ #4,. <&"/0' 6,' 4" 4+/<,',& 07+/0'
0'. &"J+/. $/-$0'/%.5 $/fl,'/-'/% 9$'/ 4" -+4+&"%$+/ 0' 4" #,/"$.'5 '% .+/% $-$ =
47+&$<$/' 0, !"4+ %,&6,+$.' +9.'&H2)
  !" #$fl&'$(' )' *+ ,-.&(-&.' ,&. */0.0)',('$('
 +33' 4' 3+/%&' 4' .-!23" 0' 4" fi<,&' (()N5 47'1$.%'/-' 0'. -"H$%2. !23$K
.#!2&$6,'. " #+,& 'ff'% 0' #&+H+6,'& 4" 0+,94' &2fl'1$+/ 07,/' #"&%$' 0'. &"J+/.
$/-$0'/%.5 .+$% -',1 6,$ !',&%'/% 4'. 9+&0. $/-,&H2. 0' -'. -"H$%2.) O/' #&+#&$2%2
$/%2&'.."/%' '/ 02-+,4' P 47$&$0'.-'/-' '.% '/ 'ff'% $/H'&.2')
:" &'4"%$+/ '/%&' 47"/<4' 07$/-$0'/-' 4+-"4 ϕ '% 47"/<4' 07$/-$0'/-' <4+9"4 θ '.%







:" #+.$%$+/ 0, #$- .'-+/0"$&'5 4$2 = 4" 0+,94' &2fl'1$+/5 #',% .' &'%&+,H'& '/










F>. 4+&.5 .$ 47"/<4' 07$/-$0'/-' θ ",<3'/%'5 4" 4+/<,',& 07+/0' 0' -' #$- .'-+/K
0"$&' ",<3'/%' '44' ",..$) :" .26,'/-' 07"##"&$%$+/ 0'. -+,4',&. '.% &'/H'&.2'
 !" #$%&'($)* +,-'./+'.012 3$%)'142 1% 2%')/%)'12 /.4.'$3%12 0)4%(5&/+14412
6 012)'1 7)1 48$3-41 98(3/(913/1 $)-013%1: ;3 1ff1%= +$>(%)1441013% 9$32 41 /$2
98)31 0)4%(/.)/+1 ?@"A= 41 B$(% 98$)-013%1' 48$3-41 98(3/(913/1 $ C.)' 1ff1% 91
C'.D.7)1' )3 9&/$4$-1 D1'2 41 >41) 91 4$ '&fl1/%$3/1= 2.(% )3 9&/$4$-1 D1'2 412 C4)2
C1%(%12 4.3-)1)'2 98.391:
F$32 41 /$2 91 4$ C)3$(21  !"#$%! &!'!%()#*&#+!= 2( 48.3 $)-013%1 48$3-41 98(35
/(913/1= .3 91D'$(% 9.3/ .>21'D1' 98)31 C$'% )3 9&/$4$-1 D1'2 41 >41) 9) C(/ C'(35
/(C$4= 98$)%'1 C$'% )3 9&/$4$-1 D1'2 41 '.)-1= /1%%1 B.(2= 9) C(/ 21/.39$('1: G.)'
)3 $3-41 91  @ = 412 C.2(%(.32 91 /12 91)* C(/2 .3% &%& /$4/)4&12 C'&/&910013%= 1%
2.3% '12C1/%(D1013% 91 @@! 1% @ " 30 C.)' 412 C(/2 C'(3/(C$4 1% 21/.39$('1: G$25
2.32 0$(3%13$3% 6 )3 $3-41 98(3/(913/1 91 !@ : G.)' /1 7)( 12% 9) C(/ C'(3/(C$4=
2$ 3.)D1441 C.2(%(.3 12% 9.33&1 C$' 48&7)$%(.3 H : I HC.)' m = 1I J
λprinc = 2a
√
n¯2 − sin2 θ = 2× 190
√
1.482 − sin2 θ = 494 30.
K)$3% $) C(/ 21/.39$('1= 2$ C.2(%(.3 12% 9.33&1 C$' 4$ '14$%(.3 7)1 3.)2 D13.32
98&%$>4(' J
λsec = 2× 190
√





sin θ = 543 30.
;3 7)147)1 2.'%1= 412 91)* C(/2 2.3% (3%1'D1'%(2:
L.,.32 /1 7)8(4 21 C$221 1*C&'(013%$41013%: M$ fi-)'1   :O 0.3%'1 41 2C1/%'1
91 '&fl1/%$3/1 91 48+&0(&4,%'1 91 4$ C)3$(21  !"#$%! &!'!%()#*&#+!= 012)'& C.)' )3
$3-41 98(3/(913/1 91 !@ : P3 /.32%$%1 )3 C(/ D1'2 @ Q 30= $D1/ )31 /.3%'(>)%(.3
9) /R%& 9'.(% 9) C(/= D1'2 @S@ 30: T12 91)* D$41)'2 2.3% 6 /.0C$'1' 6 /14412
.>%13)12 $3$4,%(7)1013%: U(13 7)1 48$//.'9 31 2.(% C$2 C$'B$(%= 412 C'&9(/%(.32
%+&.'(7)12 2.3% /.3fi'0&12 C$' 412 .>21'D$%(.32 1*C&'(013%$412: ;3 1ff1%= 2( 48.3
/.0C$'1 /1 2C1/%'1 6 /14)( 91 4$ fi-)'1   :V= .3 /.32%$%1 7)1 412 C(/2 C'(3/(C$4
1% 21/.39$('1 .3% &%& (3%1'D1'%(2= 41 C(/ C'(3/(C$4 2)>(22$3% )3 9&/$4$-1 D1'2 41
>41) 1% 41 21/.39$('1 )3 9&/$4$-1 D1'2 41 '.)-1= /.3B.'0&013% 6 /1 7)( $D$(% &%&
C'&9(%: M12 9(D1'-13/12 13%'1 412 D$41)'2 %+&.'(7)12 1% 1*C&'(013%$412 C'.D(13313%
D'$(210>4$>41013% 9) B$(% 7)1 4$ 2%')/%)'1 '&1441 12% (''&-)4(W'1 H412 /$D(%&2 31 2.3%
C$2 %.)%12 C$'B$(%1013% +&0(2C+&'(7)12= 3( 12C$/&12 '(-.)'1)21013% 91 4$ 0X01
9(2%$3/1I= /.3%'$('1013% $) 0.9W41= 98)31 C$'% 1%= 98$)%'1 C$'%= 6 48(0C'&/(2(.3
2)' 4$ 012)'1 912 $3-412 98(3/(913/1 1% 91 '&fl1*(.3:
 !"#$%&' (()  !"#$%! &!'!%()#*&#+! (*+































 !"#$%   !" #  !"#$%" &" %'fl"#$)*#" &" +,'#-)*$.++/* !%'+"0' 12% +) !2*).1"  !"#$%!
&!'!%()#*&#+!3 4"12%' 1"+/* 2* )*5+" &" 67 8 9* /:1"%0" 2* !.# #"*$%' 12% 7;< *4
"*0.%/*8 9* */$" '5)+"4"*$ +) !%'1"*#" &,2*" #/*$%.:2$./* &2 #=$' &%/.$ &2 !.# 1.$2'
0"%1 7>7 *48
 !! "#$%&'#() *+,&-.*&-/01 2#$(&031 0$ 1$&(.$(&01 .-3-&#2$01 /(3$'4%.*03301
  !" #$%&'()*$%
5# 6(2#'10  !"#$%! &!'!%()#*&#+! 6&%102$07 1(& 3# 1(&8#.0 90 1-2 *%/'%3+$&07
901 .#:'$%1 *%/'16*%&';(01 9<(20 60$'$0 .02$#'20 90 /'.&-21 90 9'#/=$&0> ?0$$0
1$&(.$(&07 .-/@'2%0 A (20 /(3$'.-(.*0 A 3<%.*0330 90 3# 3-2,(0(& 9<-290 901 &#+-21
'2.'902$17 6&-:-;(07 #(4903A 90 3# .-3-&#$'-2 B#(20 :0&9C$&0 9(0 A 3# /(3$'.-(.*07
(2 *#3- 90 .-(30(& $(&;(-'10 1(& 301 @-&91 901 .#:'$%1> ?0.' 01$ 9D #( 8#'$ ;(0 301
&#+-21 *0(&$#2$ 301 @-&91 90 .01 .#:'$%1 &02.-2$&02$ (20 /(3$'.-(.*0 .-(&@%07 .0
;(' # 6-(& 0ff0$ 90 /-9'fi0& 3# .-3-&#$'-2 60&G(0> ?01 &#+-217 1(@'11#2$ (20 9-(@30
&%fl0)'-27 -2$ %,#30/02$ 3# 6#&$'.(3#&'$% 90 6&%102$0& (20 '&'901.02.0 '2:0&1%07 .0
;(' # %$% 9%/-2$&% $#2$ 2(/%&';(0/02$ ;(<0)6%&'/02$#30/02$>
I3 1<#,'$ '.' 9<(2 6*%2-/=20 .-3-&#2$ .-/@'2#2$ 901 1$&(.$(&01 A 90() %.*03301
9'1$'2.$01> J<(20 6#&$7 (20 /(3$'.-(.*0 A (20 %.*0330 6&-.*0 90 3# 3-2,(0(& 9<-290
901 &#+-21 '2.'902$1> J<#($&0 6#&$7 (20 1$&(.$(&#$'-2 90 3# 1(&8#.0 A 3<%.*0330
90 3# .02$#'20 90 /'.&-21> 50 6&-,&#//0 90 ,!-.(,!+#'/ # 60&/'1 90 /-9%3'10&
3<'2$0&#.$'-2 90 3# 3(/'=&0 #:0. .0$$0 1$&(.$(&0 /(3$'4%.*03307 02 #9%;(#$'-2 #:0.





 !"#$%&'(! )!'*!'+$+,-'! )*&%+ ,-+,. /,012 3443(5&!$5 6 "3 738
9&""! :!;  -'!).&/+0!-+ <" 4(=;!$5! >$ '>(&!>? :!;;&$ ;>( ;!; ="@5(!;A B>& $C!;5
43; ;3$; (344!"!( "!; 9#5&7; 3(5&;5&B>!; :! '!(53&$!; #!>D(!; E>93&$!; )93;B>!;
37(&'3&$;A 3(5 3F#(&%G$!A +++.+  !; H#$!; F"3$'E!; :!; ="@5(!; #$5 "3 43(5&'>"3(&5=
:CI5(! 7#(9=!; :C>$! ;#(5! :! 7#>((>(!+  3 fi%>(! ,-+- 9#$5(! >$ %(#;;&;;!9!$5
:C>$! :! '!; H#$!; F"3$'E!; 6 "C3&:! :C>$ 9&'(#;'#4! #45&B>!+ K!; 4#&"; F"3$';A
B>& ;#$5 !$ 73&5 :!; ='3&""!; 9#:&fi=!;A 43(D&!$$!$5 6 93;B>!( 5#>5 6 73&5 "3 '#"#8
(35&#$ 7#$'=! :! "C="@5(! ;>( "!B>!" &"; 4(!$$!$5 (3'&$!+ L$ !ff!5A ;& "C#$ %(355! >$!
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2%')/%)'$41? @1 9&=14.;;1013% 9>)3 /.91 91 /$4/)4 B$2& 2)' )31 $;;'./+1 91 %,;1
#.3%15G$'4. 1% 2)' 41 '!&.$'!/+0* 0.3%'1 9&HE 912 '&2)4%$%2 ;'.B$3%28 13 $//.'9
$=1/ 412 '&2)4%$%2 1*;&'(013%$)*? I3 ;.)''$(%8 ;$' 4$ 2)(%18 13=(2$-1' 9>)%(4(21'
)3 %14 ;'.-'$001 ;.)' 2(0)41' 412 /$'$/%&'(2%(D)12 9>)31 2%')/%)'1 (0(%$3% )31
2%')/%)'1 3$%)'1441 ;.22&9$3% 912 1ff1%2 =(2)142 (3%&'122$3%28 13 /.32(9&'$3% 412
;.22(B(4(%&2 %1/+3(D)12 (39)2%'(14412? J(32(8 $=$3% 0F01 9>13%$01' 4$ '&$4(2$%(.3
9>)3 ;'.%.%,;18 41 /.91 91 /$4/)4 ;1'01%%'$(% 9>&%$B4(' 412 /$'$/%&'(2%(D)12 =(2)14412
91 /1%%1 2%')/%)'18 /1 D)( $)'$(% ;.)' 1ff1% 9>&=(%1' 912 /.K%2 (3)%(412 9$32 4$
<$B'(/$%(.3 91 2%')/%)'12 B(.(32;('&12 (3$9&D)$%12?
L$' $(441)'28 /1 ;'.-'$001 $ ;1'0(2 )31 &%)91 $;;'.<.39(1 2)' 4$ 2%')/%)5
'$%(.3 E $;;.'%1' E 9) =1''1 9&;.4( $fi3 91 41 '139'1 B4$3/8 9$32 41 /$9'1 9>)31
0(22(.3 ;.)' 4>13%'1;'(21 JMG5N4$% M4$22? G12 '1/+1'/+12 2.3% /1;139$3% 2.)5
0(212 E 4$ /.3fi913%($4(%&? G1 ;'.-'$001 ;.)''$(% &-$41013% ;1'01%%'1 9>&=$4)1'
4>1ffi/$/(%& 912 /144)412 2.4$('12? 63 1ff1%8 4>(3%'.9)/%(.3 91 9&2.'9'1 $0&4(.'1 41 ;'.5
/122)2 9>$B2.';%(.3 91 4$ 4)0(:'1 P  !Q  RS? @$ /$;$/(%& 91 0.9&4(21' /1 9&2.'9'1
9.331'$(% )31 ;'10(:'1 (3<.'0$%(.3 D)$3% $)* =.(12 91 '1/+1'/+1 E 1*;4.(%1' 9$32
/1 9.0$(31?
J) %1'01 91 /1%%1 9(221'%$%(.38 (4 $;;$'$(% /4$('1013% D)1 4$ T$%)'1 9(2;.21
9>)31 4$'-1 9(=1'2(%& 91 2%')/%)'12 ;'.9)(2$3% 912 1ff1%2 =(2)142 (3$%%139)2? G1%%1
/'&$%(=(%& 21 91=$(% 91 /.0;1321' 41 0$3D)1 91 0$%&'($)* E 9(2;.2(%(.3? G.3/1'5
3$3% 412 (321/%12 &%)9(&28 412 2%')/%)'12 ;+.%.3(D)12 2.3% 13 1ff1% %.)%12 /.32%')(%12
E ;$'%(' 9>)3 21)4 B(.;.4,0:'18 4$ /+(%(31? @12 ;'.-':2 %1/+3(D)12 $/%)142 ;1'5
01%%13% E 4>U.001 9>)%(4(21' )3 ;4)2 -'$39 3.0B'1 91 0$%&'($)* 1% 91 /1 <$(%
91 ;'.fi%1' $) 0(1)* 912 /.3%'$2%12 9>(39(/12 2( (0;.'%$3%2 13 ;+.%.3(D)1? 63 '&5
;.321 $)* $%%13%12 912 9&fi2 &31'-&%(D)12 1% (39)2%'(1428 /1%%1 %+:21 ;1)% F%'1 )31
 !"#$%&'!" ()(
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$%&'()" )"* +,&-./"* )" &-,!*0"-&
 !""! #$$!%! &'(! ) !%*+',-!. +# /0"123! 3!( /#".'4!( 3! ".#$(5!."6 -"'+'(0!
*2-. ('/-+!. "102.',-!/!$" +! (*!4".! 3! .0fl!4"#$4! 38-$! /-+"'42-41! #fi$ 3!
+! 42/*#.!. *#. +# (-'"! #- (*!4".! !%*0.'/!$"#+:  !""! 42/*#.#'(2$ *!./!" 3!
(8#((-.!. ,-! +# (".-4"-.! 2;(!.&0! #- /'4.2(42*! 0+!4".2$',-! !(" ;'!$ .!(*2$<
(#;+! 3! +# 42+2.#"'2$: =# /230+'(#"'2$ $-/0.',-! *!./!" !$ 2-".! 38!%*+',-!. +!
4#.#4">.! 1?@.241.2/! 3!( (".-4"-.!( .!$42$".0!(:
=# *.!/'>.! (!4"'2$ !(" 42$(#4.0! ) +# .0(2+-"'2$ 3!( 0,-#"'2$( 3! A#%B!++
*2-. +! 4#( 38-$! /-+"'42-41! ) -$! 3'/!$('2$6 48!("<)<3'.! 32$" +8'$3'4! 3! .0<
5.#4"'2$ $! &#.'! ,-! (!+2$ -$! 3'.!4"'2$: C++! #;2-"'" ) +80"#;+'((!/!$" 3! 3!-%
0,-#"'2$( 382$3!6 *2-. +!( *2+#.'(#"'2$( ".#$(&!.(!( 0+!4".',-! !" /#@$0"',-!: =#
/0"123! 3!( /#".'4!( 3! ".#$(5!." !(" !$(-'"! #**+',-0! ) 4!( 3!-% 0,-#"'2$(:
 !""! 0"#*! 5#'" +82;D!" 3! +# (!42$3! (!4"'2$ 3! 4!""! #$$!%!: C$fi$6 +# ".2'('>/!
(!4"'2$ !%*+',-! 42//!$" 303-'.! +# .0fl!4"#$4! 3! +# /-+"'42-41!6 #'$(' ,-! (#
".#$(/'""#$4!:
E$('("2$( (-. +! 5#'" ,-! +8#$$!%! *.0(!$"! +! 4#( 38-$ 4.'("#+ *12"2$',-! -$'<
3'/!$('2$$!+ FGH6IHJ: K#$( +! 4#( 3! 4.'("#-% ".'3'/!$('2$$!+(6 $2-( .!$&2?2$( +!
+!4"!-.( #-% .050.!$4!( FLMNLOJ:
 !" #$%&'()*&+ ,-% $.(/)*&+% ,- 0/12-''
 2$('30.2$( -$! /-+"'42-41! PQ'@: R:GS 3! N  !"#$%&' ($")!&'  *" +,*+-&".
/*/0& %& %&12 -3 &' %& 0$104&' %,! *#''&1"' d1 &- d2 &- %& 0$/'-*/-&' %#!+&0-"#51&'
 !! "#$%&'#() *+,&-.*&-/01 2#$(&031 0$ 1$&(.$(&01 .-3-&#2$01 /(3$'4%.*03301
ε1 0$ ε25 67#)0 z 01$ 3# 8'&0.$'-2 2-&/#30 #() '2$0&9#.01 801 .-(.*01: .701$4;48'&0
<(0 3# =#30(& 80 3# .-21$#2$0 8'%30.$&'<(0 80 3# /(3$'.-(.*0 =#&'0 103-2 37#)0 z5 >'
 !"#$%  !" #  !"#$%!&'(')*& %+,$-(')./! 01/&! -/2')+*/+,! 3*#-$! 0! 21(2'!#&(&+! 0!
+*/+,!% 01$"()%%!/# d1 !' 0! +*&%'(&'! 0)$2!+'#)./! ε1 (4!+ 0!% +*/+,!% 0! "(#(-5'#!%
d2 !' ε26
37-2 1(??-10 30 /'3'0( 1#21 8021'$% 80 .*#&,0 -( 80 .-(&#2$: 0$ 80 ?0&/%#@'3'$%
/#,2%$'<(0 &03#$'=0 (2'$#'&0 Aµ = 1B: -2 ?0($ %.&'&0 301 %<(#$'-21 80 "#)C033
1-(1 3# 9-&/0 1('=#2$0 D
~∇. ε(z) ε0 ~E(~r, t) = 0 AE5 B
~∇. µ0 ~H(~r, t) = 0 AE5FB








I0$$0 1$&(.$(&0 ?-11J80 (20 '2=#&'#2.0 80 $&#213#$'-2 8#21 301 8'&0.$'-21 x 0$
y5 K0 .0 9#'$: 301 .-/?-1#2$01 kx 0$ ky 8( =0.$0(& 87-280 1-2$ .-210&=%01 #()
?#11#,01 80 .*#<(0 '2$0&9#.05 L2 ?3#M#2$ 37#)0 y 8#21 3# 8'&0.$'-2 80 ?&-?#,#$'-2
3#$%&#30 80 37-280 '2.'802$0: -2 9-&.0 3# =#30(& kx = 0: 1#21 ?0&8&0 80 ,%2%&#3'$%5
I0.' #($-&'10 80 &0.*0&.*0& 8'&0.$0/02$ 301 .*#/?1 1-(1 3# 9-&/0 87(20 -280
/-2-.*&-/#$'<(0 80 9&%<(02.0 #2,(3#'&0 ω 10 ?&-?#,0#2$ 8#21 3# 8'&0.$'-2 y:
/-8(3%0 ?#& (20 #/?3'$(80 =0.$-&'0330 9-2.$'-2 80 z D
~E(~r, t) = [Ex(z)~ex + Ey(z)~ey + Ez(z)~ez] e
ikyye−iωt AE5NB
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~H(~r, t) = [Hx(z)~ex +Hy(z)~ey +Hz(z)~ez] e
ikyye−iωt. 5 $36
7! 0),8/!-!' 9"+ &:;-'/)!+ 5 $<6 "' 5 $36 -;# &:;-'/)!+ *" %-#="99> !);+


























KC"#-,"! *" 0"+ (;/' &:;-'/)!+ 1-/' -??-.-/'." ;!" +&?-.-'/)! ?)++/89" *"+
0),?)+-!'"+ *" 0(-,?+$ K" ?.",/". L.);?" *C&:;-'/)!+ !" 0)!'/"!' :;" 9"+ 0),M
?)+-!'"+ Ex> Hy "' Hz> -9).+ :;" 9" +"0)!* !" 1-/' /!'".@"!/. :;" Hx> Ey "' Ez$
N" *&0);?9-L" "!'." 9"+ L.);?"+ *" 0),?)+-!'"+> -/!+/ :;" 9- 9/!&-./'& *"+ &:;-M
'/)!+ *" %-#="99> ?".,"' *" 0)!+/*&.". *"+ ,)*"+ ?);. 9"+:;"9+ )! ?)+".- +)/'
Hx = Ey = Ez = 0> +)/' Ex = Hy = Hz = 0$ O-!+ 9" ?.",/". 0-+> 9" 0(-,? &9"0M
'./:;" +" .&*;/' P +- 0),?)+-!'" Ex> ?".?"!*/0;9-/." -; ?9-! *C/!0/*"!0"$ Q9 +C-L/'
*; ,)*"  !"#$%&!$& '(&)*!+,-& 5R76$ O-!+ 9" +"0)!* 0-+> 9" 0(-,? ,-L!&'/:;"
+" .&*;/' P +- 0),?)+-!'" Hx> ?".?"!*/0;9-/." -; ?9-! *C/!0/*"!0"$ Q9 +C-L/' *C;!
,)*"  !"#$%&!$& ."/#0*+,-& 5R%6$
N"''" -!-9A+" "+' /,?).'-!'" ?-.0" :;C"99" ?".,"' *" ."0(".0(". +&?-.&,"!'
*"+ ,)*"+ *" ?)9-./+-'/)! R7 ); R%$
 !" #$%&'($)* +,-'./+'.012 3$%)'142 1% 2%')/%)'12 /.4.'$3%12 0)4%(5&/+14412
 !"!" #$%& '(








kyEx = −µ0ωHz >?@CB
ikyHz − dHy
dz
= −iωε0ε(z)Ex. >?@ DB
6$ E'10(7'1 &:)$%(.3 12% ; &4(0(31'F /$' 1441 12% '18.38$3%1 $<1/ 412 81)* 2)(5
<$3%12@ G12 21/.381 1% %'.(2(701 &:)$%(.32F .3 .H%(13% 81)* '14$%(.32 4($3% Hy 1%
Hz ; Ex =




Hz = − ky
ωµ0
Ex.










Ex = 0. >?@  B
K.%.32 :)913 E4)2 81 2$%(2L$('1 /12 &:)$%(.32F 412 /+$0E2F $)* 8(2/.3%(3)(%&2 81 4$
/.32%$3%1 8(&41/%'(:)1F 8.(<13% <&'(fi1' 812 /.38(%(.32 81 '$//.'8 /.0E$%(H412 $<1/
49&:)$%(.3 >?@  B@ N.)' 41 0.81 OIF 412 /.38(%(.32 81 '$//.'8 2.3% 412 2)(<$3%12 =




G$32 41 /$2 89)3 2,2%701 0)4%(/.)/+1F ε(z) 12% /.32%$3%1 E$' 0.'/1$)*@ G72
4.'2F (4 '12%1 ; '&2.)8'1 )31 &:)$%(.3 8(ff&'13%(1441 8) 21/.38 .'8'1 ; /.1ffi/(13%2
/.32%$3%2@ N.)' /+$:)1 /.)/+1 jF 4$ 2.4)%(.3 /.''12E.38 ; 4$ 2.001 81 81)*
.3812 E'.-'122(<12F 21 E'.E$-1$3% 49)31 214.3 49$*1 zF 49$)%'1 214.3 4$ 8('1/%(.3




ikjz(z−zj) + A−j e
−ikjz(z−zj).
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 !"!# $%&' ($
5! "ff"0'7-!' *"+ 0-8078+ +/,/8-/."+9 )! ):'/"!'9 *-!+ 8" 0-+ *" 8- ;)8-./+-'/)!



























Hx = 0. A $2BC
D-!+ 0" 0-+9 8"+ 0)!*/'/)!+ *" .-00).* E -;;8/>7". +)!' ?






 !"  ##$%&'(%)* +, $' -.(/)+, +,0 -'(1%&,0 +,
(1'*02,1(
F)7. ,)*&8/+". !)+ +'.70'7."+ "#;&./,"!'-8"+9 /8 "+' /,;).'-!' *" ;)7<)/. ,)G
*&8/+". 8" +;"0'." *" .&fl"0'-!0" "! /!087-!' 8@/!1).,-'/)! +7. 8@/!'"!+/'& .&fl&0(/"$
I- ,&'()*" *"+ ,-'./0"+ *" '.-!+1".' ;".,"' *@-''"/!*." 0"' ):J"0'/19 +-!+ -;G
;.)#/,-'/)! +7. 8"+ 0)!'.-+'"+ *@/!*/0"+9 !/ +7;;)+". 7! !),:." /!fi!/ *" ;&./)*"+$
L)7+ -<)!+ <7 ;.&0&*",,"!' >7" 8- .&+)87'/)! *"+ &>7-'/)!+ *" %-#M"88
0)!*7/+-/' E *"7# =.)7;"+ *" +)87'/)! ?
N5 ? Ex, Hy, Hz "' Ey = Ez = Hx = 0
N% ? Hx, Ey, Ez "' Hy = Ez = Ex = 0.











Ex = 0 A $2OC

















Hx = 0. 89: ;<
=.)2 2)>>.2.32 13/.'1 ?)1 ε(z) 12% /.32%$3%1 >$' 0.'/1$)*@ A1 2.'%1 ?)1 3.)2
)%(4(2.32 13/.'1 412 /.3A(%(.32 A1 '$//.'A 2)(B$3%12 7










C.)' /1 >'.D4E01@ 3.)2 $B.32 %'.)B& /.00.A1 A1 0.A(fi1' 4&-E'1013% 4$
A&fi3(%(.3 A12 0$%'(/12 A1 %'$32G1'% 13 (3%'.A)(2$3% $'%(fi/(1441013% )31 /.)/+1
AH&>$(221)' 3)441 1% A1 /.32%$3%1 A(&41/%'(?)1 εart 13%'1 /+$?)1 /.)/+1: I4 2H$-(%
2(0>41013% AH)3 $'%(fi/1 A1 /$4/)4: J1%%1 0&%+.A1 >'&213%1 A1)* $B$3%$-12 7
 : 1441 12% 0.A)4$('1 7 (4 3H12% >$2 3&/122$('1 A1 /.33$(%'1 4$ /.)/+1 2)(B$3%1
>.)' /$4/)41' 4$ 0$%'(/1 A1 %'$32G1'% AH)31 /.)/+1 K
L: 1441 12% 3&/122$('1 >.)' 4H1*%132(.3 A1 4$ 0&%+.A1 M %'.(2 A(0132(.32:
=.%.32 ?)1 41 /+.(* A1 4$ /.32%$3%1 A(&41/%'(?)1 >.)' 4$ /.)/+1 $'%(fi/(1441 3H$
$)/)31 (0>.'%$3/1@ B) ?)1 /1%%1 /.)/+1 3H1*(2%1 >$2 >+,2(?)1013%: I4 '12%1 0$(35
%13$3% M 1*$0(31' 2&>$'&013% 412 A1)* >.4$'(2$%(.32 $B1/ /12 +,>.%+E212:
 !"#$%  !" #  !"#$%!&'(')*& %+,$-(')./! 0! 1( -/1')+*/+,!2 (3!+ 14(5*/' 0! +*/+,!%
(#')fi+)!11!% 0! +*&%'(&'! 0)$1!+'#)./! εart7
 !"!# $%&' ()
J.32(A&'.32 A.3/ )31 /.)/+1@ A1 /.32%$3%1 A(&41/%'(?)1 εj 8j = 1 .) 2<@ 13/$5
A'&1 A1 A1)* /.)/+12 $'%(fi/(14412 8εart<: N3 21 D$2$3% 2)' 4H&?)$%(.3 89: O< %'.)B&1
 !!"#"  $ %&'()*" *"+ ,-'./0"+ *" '.-!+1".' 232
4.&0&*",,"!'5 6"+ &78-'/)!+ *&0./9-!' 6:/!'".1-0" "' 6"+ *"8# 0)80("+ -.'/fi0/"66"+











































< k2y -6).+ Im(ki) > 0.
B)')!+ 78" 6" +"0)!* 0-+ !" +" 4.&+"!'" 4-+ 4)8. 6- 4.",/C." /!'".1-0"$ D! "ff"'5
4)8. -8'-!' 78" εart 0)F!0/*" -9"0 6- 0)!+'-!'" */&6"0'./78" *8 ,/6/"8 *:/!0/*"!0"






sin θ ≤ √εartω
c
.
H)8. 6"+ '.)/+ I)!"+ *&'".,/!&"+ =6- 0)80(" j "' 6"+ *"8# 0)80("+ -.'/fi0/"66"+
6:"!')8.-!'?5 !)8+ -9)!+ 6"+ '.)/+ &78-'/)!+ +8/9-!'"+ 4)8. 6" 0(-,4 &6"0'./78"5
+"6)! 6- 0)).*)!!&" # <
Ex(z) = Aje
ikart(z−zj) + Bje−ikart(z−zj) = $23?
Ex(z) = Ce
ikj(z−zj) +De−ikj(z−zj) = $2J?
Ex(z) = Aj+1e
ikart(z−zj+1) + Bj+1e−ikart(z−zj+1). = $2K?
 !" #$%&'($)* +,-'./+'.012 3$%)'142 1% 2%')/%)'12 /.4.'$3%12 0)4%(5&/+14412
63%&'122.3253.)2 0$(3%13$3% 7 4$ 8&%1'0(3$%(.3 812 /.1ffi/(13%2 Aj 1% Bj 13 :.3/5











.< Tj 12% 4$ 0$%'(/1 81 %'$32:1'% 81 4$ /.)/+1 j= >3 ?'./&8$3% 81 0@01 ?.)'
%.)%12 412 /.)/+12A .3 .B%(13% fi3$41013% 4$ '14$%(.3 0$%'(/(1441 81 4D13210B41 81












.< T 12% 8.3/ 4$ 0$%'(/1 81 %'$32:1'% 81 4$ 0)4%(/.)/+1=
I$4/)4.32 /1%%1 0$%'(/1 81 %'$32:1'%= F 4D$(81 812 /.38(%(.32 81 '$//.'8 E?=
 !GH 1% 812 &J)$%(.32 EF= !HA EF= KH 1% EF= LHA 3.)2 ?.)M.32 &%$B4(' )3 2,2%N01
81 J)$%'1 &J)$%(.32= O$ '&2.4)%(.3 81 /1 2,2%N01 8.331 4$ :.'01 %,?1 8D)31
0$%'(/1 81 %'$32:1'% 8D)31 /.)/+1 8) 2,2%N01A /D12%5758('1 81 4D13210B41  !" #$
%&'(fi ($**$ +  !" #$ +  !" #$ %&'(fi ($**$= P.)' 4$ /.)/+1 QA 4$ 0$%'(/1 81 %'$32:1'%




















R12%1 $4.'2 7 (%&'1' ?.)' .B%13(' 4$ 0$%'(/1 81 %'$32:1'% T 8) 2,2%N01= S.%.32
J)1 4$ 81'3(N'1 (3%1':$/1 31 :$(% (3%1'M13(' J)D)31 /.)/+1 81 /.32%$3%1 8(&41/%'(J)1
εN E?.)' )3 %.%$4 81 S /.)/+12H $M1/ 41 2)B2%'$%A 81 /.32%$3%1 8(&41/%'(J)1 εsub=




















− k2y $M1/ εsub 4$ /.32%$3%1 8(&41/%'(J)1 8) 2)B2%'$% 2)' 41J)14
12% ?.2&1 4$ 0)4%(/.)/+1=
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 !"!" #$%& '#
5! 6"7' ."6."!*." 8" ,9," .-/+)!!","!' 6)7. 8" ,)*" :%$ ;"''" 1)/+< )!










































































 !" #$%&'% () %$ *+fl)&-$.&) )- () %$ -*$./01--$.&)
;)!!-/++-!' 8="#6."++/)! *"+ ,-'./0"+ *" '.-!+1".' 6)7. 8"+ *"7# ,)*"+ *" 6)F
8-./+-'/)! :G "' :%< 8- .&fl"0'-!0" *" 8- ,78'/0)70("< -/!+/ >7" +- '.-!+,/''-!0"<
















N"+ 0)"ffi0/"!'+ A0< B0< AN+1 "' BN+1 !" +)!' 6-+ *&!7&+ *" +"!+$  /!+/< 8"
0)"ffi0/"!' A0 0).."+6)!* -7 1-/+0"-7 /!0/*"!'$ P&!&.-8","!'< )! +766)+" >7"
8=)!*" /!0/*"!'" "+' *=-,68/'7*" 7!/'-/." "' >7" +- 6(-+" +=-!!78" +7. 8- 1-0"
*="!'.&" *" 8- ,78'/0)70("< *" +).'" >7" A0 = 1$ N"+ 0)"ffi0/"!'+ B0 "' AN+1
*)!!"!' ."+6"0'/I","!' 8"+ 6-.-,E'."+ r "' t< *&0./I-!' 8"+ -,68/'7*"+ .&fl&0(/"
"' '.-!+,/+"$ G!fi!< 8" 0)"ffi0/"!' BN+1 "+' +766)+& !78< 6-.0" >7=-707!" )!*"
/!0/*"!'" !" I/"!' 1.-66". 8- ,78'/0)70(" 6-. 8" *"++)7+$ RE+ 8).+< 8=&>7-'/)!
 !" #$%&'($)* +,-'./+'.012 3$%)'142 1% 2%')/%)'12 /.4.'$3%12 0)4%(5&/+14412
















.= 4$ 0$%'(/1 T 12% 2.(% 4$ 0$%'(/1 61 %'$3>1'% 6) 0.61 61 9.4$'(2$%(.3 :;8 2.(%










A12 1*9'122(.32 3.)2 91'01%%13% 6B.C%13(' 412 /.1ffi/(13%2 61 '&fl1*(.3 1% 61 %'$325






















$71/ εsub 4$ /.32%$3%1 6(&41/%'(F)1 6) 2)C2%'$% 2)' 41F)14 12% 9.2&1 4$ 0)4%(/.)/+18
1% εinc 4$ /.32%$3%1 6(&41/%'(F)1 6) 0(4(1) (3/(613%? G.)' )31 .361 13%'$3%1 3.3
9.4$'(2&18 412 61)* 9.4$'(2$%(.32 :; 1% :# &%$3% 2)99.2&12 61 0H01 $094(%)618
41 /.1ffi/(13% 61 '&fl1*(.3 12% 6.33& 9$' 4$ 0.,1331 $'(%+0&%(F)1 612 '&fl1/%$3/12
:; 1% :#8 1% 210C4$C41013% 9.)' 41 /.1ffi/(13% 61 %'$320(22(.3?
I1 9'.-'$001 91'01% 61 /$4/)41' 41 291/%'1 61 '&fl1/%$3/1 .) 61 %'$320(%%$3/1
61 4$ 0)4%(/.)/+18 214.3 4B)3 612 0.612 61 9.4$'(2$%(.3 .) 9.)' )31 .361 13%'$3%1





 ! "#$%&'(#)(&(*+&'$ #$'*$& ,$ ,-%(*#("$' .! '/0(!!$*$!& $! "$" %(*#(1
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